Questions have been raised as to whether dietary carbohydrate intake is directly related to the development of type 2 diabetes. Of particular importance, fructose-induced insulin resistance has been previously shown in animals. However, the implications of such findings for humans are unclear as these models typically use very high doses of sugars and from sources not commonly consumed. Little is known about how the typical consumption of sugar in humans affects risk factors for diabetes. 355 weight-stable (weight change < 3% in previous 30 days) individuals aged 20 -60 years old drank sugar-sweetened low fat milk every day for 10 weeks as part of their usual diet. Added sugar was provided in the milk as either high fructose corn syrup or sucrose at 8%, 18% or 30% of the calories required to maintain body weight. Insulin resistance was measured using the Homeostasis Model Assessment (HOMA IR) on fasting measures and a standard Oral Glucose Tolerance Test (OGTT) was used to measure insulin and glucose areas under the curve resistance (AUC30 g * AUC30 I) and whole body insulin sensitivity and hepatic insulin resistance using the Matsuda Composite Insulin Sensitivity Index (ISI). There was a small increase in weight in the entire cohort (169.1 ± 30.6 vs 171.6 ± 31.8 lbs, p < 0.001), which was greater in the 30% level than in the 8% or 18% levels (p < 0.05). Glucose, insulin, HOMA, glucose AUC, insulin AUC, Matsuda insulin sensitivity index, and hepatic insulin resistance did not vary by sugar level (p > 0.05) nor by sugar type (p > 0.05). In the entire cohort insulin sensitivity decreased as evidenced by an increase in HOMA IR (1.8 ± 1.3 vs 2.3 ± 3.4, p < 0.01) and a decrease in the Matsuda ISI (13.1 ± 21.3 vs 11.6 ± 16.1, p < 0.05). Hepatic insulin resistance was unchanged (2.4 ± 1.7 vs 2.4 ± 1.7 p > 0.05). Neither * Corresponding author.
Introduction
Type 2 diabetes has increased dramatically worldwide in the past 20 years and represents a major global public health concern [1] . It has been estimated that 6.4% of the world population is currently diabetic and this estimate rises to 7.7% worldwide by the year 2030 [2] . A recent report demonstrated that the number of people with diabetes rose worldwide from 153 million in 1980 to 347 million in 2008 [3] . The International Diabetes Federation has estimated that the number of people affected by diabetes will grow to 438 million by 2030 [4] . While diabetes is a significant problem in the developed world, these increases are anticipated to effect developing countries disproportionately with an estimated 20% increase in diabetic adults in developed countries compared with an estimated 69% increase in the number of diabetic adults in developing countries [2] .
The increased prevalence of diabetes has led to substantial increases in high blood pressure, stroke, heart disease, kidney disease, and risk of breast, colon and other cancers. These problems will become more prevalent as the diabetes epidemic continues to grow. The increased prevalence of diabetes has been clearly linked to worldwide increases in obesity which has led scientists to explore a variety of dietary factors in the etiology of these related conditions [5] - [8] .
Recently considerable attention has been focused on consumption of fructose containing sugars including fructose itself, high fructose corn syrup (HFCS), sucrose and their possible role in promoting Type 2 diabetes [5] - [15] . Several epidemiologic studies have linked consumption of sugar sweetened beverages (SSBs) to increased risk of diabetes [5] - [8] . Two recent ecologic studies have linked the rise in fructose availability (either from HFCS or sucrose) to increased prevalence of obesity both in the United States and around the world [14] [15] . Animal studies [16] - [21] , and acute human trials [7] [22], particularly those over feeding fructose beyond normal population intakes, have also supported this association. However, higher quality evidence from prospective cohort studies, systematic reviews and meta-analyses, as well as randomized controlled trials have generally not supported the link between fructose alone or fructose containing sugars and the development of Type 2 diabetes [23] - [28] .
Several organizations have recommended different upper limits of consumption of fructose based on concerns about the relationship of fructose containing sugars to various medical conditions and diseases such as obesity, coronary heart disease (CHD), the metabolic syndrome, non-alcoholic fatty liver disease (NAFLD) and diabetes. The American Heart Association (AHA), for example, has published guidelines recommending that American men consume no more than 150 kcals per day in added sugars and American women no more than 100 kcals per day in added sugars [29] . This represents between 5% and 7% of all calories consumed and is a level currently exceeded by over 90% of the population in the United States. The World Health Organization (WHO) has recently released guidelines recommending that individuals consume no more than 10% of calories from added sugars with the ultimate goal of reducing this number to 5% [30] . The recently released draft of the Scientific Advisory Committee on Nutrition Report in England recommended guidelines similar to WHO [31] . In contrast, the Dietary Guidelines for Americans (DGAs, 2010), recommended an upper limit of no more than 25% of calories from added sugars [32] . This recommendation was based on the Institute of Medicine (IOM) report on carbohydrates and health [33] which made the same recommendation. Thus, several different guidelines for upper limits of consumption of fructose containing sugars have been proposed.
The study reported here was undertaken to explore the relationship between fructose containing sugars and risk factors for diabetes in the normal range of human consumption between the 25 th and 90 th percentile popula-tion consumption levels for individuals in the United States [30] . We compared 8% of calories from added sugars (roughly the upper limit recommended by AHA, WHO and draft guidelines from the Scientific Advisory Committee on Nutrition (SACN)) to 18% of calories (the average fructose consumption level in the United States) [34] and 30% of calories from added sugars (the 95 th percentile population consumption level of fructose in the United States [34] and roughly equivalent to the 25% of added calories upper limit recommended by the DGAs 2010 and IOM report).
We hypothesized that there would be no increases in risk factors for diabetes including insulin, fasting glucose, insulin resistance, total body insulin sensitivity, or hepatic insulin resistance in the healthy population studied. We further hypothesized that there would be no differences in these parameters when comparing the AHA, WHO and SACN recommendations for upper limits of added sugars to the DGA 2010 and IOM recommendations.
Materials and Methods

Overview
This study has been previously described (Lowndes et al.) [35] . In summary, this was a randomized, prospective, parallel group, partially blinded study to assess the effects of incorporation of one of three different levels of consumption of one of two different types of sugars into the usual diet. The study had a duration of ten weeks. Participants were blind to both the level of consumption and type of sugar they had been randomly assigned to consume. Research staff were blind to the type of sugar, but it was necessary for them to be aware of the sugar level. The study was approved by the Western Institutional Review Board.
Study Population
The study population included men and women between the ages of 20 and 60 years, with a BMI between 21 and 35 kg/m 2 . Participants were recruited from newspaper advertisements, postings on the internet and a database of individuals who had participated in previous studies in our research laboratory who had indicated a desire to participate in further research trials. All participants were weight stable (no change in weight greater than 3% in the past month, no actions taken in 3 months to lose weight), non-smokers (not been a regular smoker for at least 12 months and no social smoking for at least 3 months) and normoglycemic (fasting or after a 2 hour oral glucose challenge). Participants were excluded if they had uncontrolled blood pressure, a history of thyroid disease, cancer, gastrointestinal disorders, cardiac problems, eating disorders, if they had ever had a surgical procedure for weight loss, if they had undergone any major surgical procedure in the previous 3 months, if they started a new medication within the past 3 months (including a change in dose of an existing medication), if they were pregnant or lactating, if they consumed more than 3 alcoholic drinks per week or if they had any significant food allergy. Additionally, participants were not allowed to enroll if they had participated in any other clinical trial within the previous 30 days. All participants provided signed informed consent.
Intervention
Participants were required to consume sugar-sweetened, low-fat milk daily as part of their usual diet for the ten week duration of the intervention. The number of calories required for weight maintenance was estimated for each participant (via Mifflin St. Jeor prediction equation [36] and the level of milk consumption was calculated so that the added sugar contributed a target percentage of that weight-maintenance caloric intake. Participants were randomly assigned to a target consumption level of 8%, 18% or 30%, and also to consume milk sweetened with either sucrose or HFCS. Participants had unlimited flexibility in the makeup of the remainder of their diet, but were instructed on the need to account for the calories from the milk if they wanted to maintain their initial body mass. Participants were instructed to eat to the same level of "fullness".
A week's supply of milk was allocated to each participant upon completion of the pre-testing phase. Participants were then required to return to the clinic for weekly visits so that body weight could be measured, to have dietary logs and compliance checklist reviewed and to be provided with another week's supply of milk.
Oral Glucose Tolerance Test and Blood Plasma Measurements
A standard two hour Oral Glucose Tolerance Test (OGTT) was performed during pre-testing and again after completion of the ten week intervention. Prior to consumption of the 75 g glucose solution, an IV was inserted and a blood sample was obtained for the measurement of fasting glucose and insulin. Participants were then given the glucose solution and allowed 5 minutes to consume it. Additional blood samples were then obtained after 30, 60, 90 and 120 minutes. At all time points blood was collected in BD vacutainers containing ethylenediaminetetraacetic acid (EDTA) for the preparation of plasma. Aliquots from collected samples were obtained and divided into two. The first aliquot was used immediately to test plasma using the YSI 2300 analyzer. The remaining aliquot was stored at −80˚C for future batch testing of insulin. This was performed via ELISA with kits EZHI-14K from EMD Millipore (Darmstadt, Germany).
Derived Measurements
Various measures of glucose homeostasis were derived from the fasting values of glucose and insulin, and from values at various time points during the OGTT. Homeostasis Model Assessment of Insulin Resistance was calculated from the fasting insulin and glucose measurements-((Glucose * Insulin)/22.5) [37] . 2 hour area under the curve (AUC) values were calculated for glucose and insulin using the standard trapezoidal method. Hepatic insulin resistance was measured as the product of glucose and insulin values at 30 minutes of the OGTT, a procedure validated against clamp methods [38] . Whole body insulin sensitivity and hepatic insulin resistance were calculated from samples obtained during the OGTT using the Matsuda Index [39] 
Statistical Analyses
All data are presented as means ± standard deviation (SD) and analyzed using SPSS-PASW Statistics (version 18.0). Outcome measures were analyzed via a 2 (sugar type) × 3 (sugar level) way ANOVA with repeated measures (2 time points). Significant interactions for sugar level were probed by via one way Tukey's post hoc. Statistical significance was defined by p < 0.05.
Results
Demographic Information
Both demographic information and participant retention have been previously described in this cohort (Lowndes et al.) . In short, 465 participants successfully completed the pre-testing procedures without getting disqualified. Of those, 355 completed the intervention (male = 165, female = 190; 26% drop outs) and are described in Table  1 . Both pre and post-intervention OGTTs were completed on 236 of these participants.
Body Weight
As previously reported [35] , there was a small increase in weight in the entire cohort of sugar sweetened, low-fat milk drinker (169.1 ± 30.6 vs 171.6 ± 31.8 lbs, p < 0.001). The increase was greater (p < 0.05) in the 30% group (3.7 ± 5.0 lbs) than in the 8% (2.1 ± 5.0 lbs) and 18% groups (1.9 ± 5.3 lbs). However, the type of sugar consumed had no effect on body weight.
Fasting Measures
Fasting glucose was unchanged after ten weeks. Fasting insulin was unchanged in any group (time × sugar level p > 0.05). HOMA, glucose AUC, insulin AUC, Matsuda insulin sensitivity index and hepatic insulin resistance did not vary by sugar level (p > 0.05) nor by sugar type (p > 0.05). However, fasting insulin did increase in the entire pooled cohort of sugar sweetened, low-fat milk drinkers (7.9 ± 5.4 vs 10.1 ± 12.8 µIU/ml, p < 0.01) and this produced an increase in insulin resistance as measured by HOMA (1.8 ± 1.3 vs 2.3 ± 3.4, p < 0.01). This was unaffected by the type of sugar consumed, the level of consumption, or any combination of the two factors. These data are presented in Table 2 . 
Oral Glucose Tolerance Test
Data obtained from the OGTTs are presented in Table 3 . There were no changes in 2 hour AUCs for either glucose or for insulin. The product of glucose and insulin values at 30 minutes, a validated measure of hepatic insulin resistance, was also unchanged. Consistent with an increase in HOMA IR, insulin sensitivity, as measured by the Matsuda Index, decreased in the entire pool study population (13.1 ± 21.3 vs 11.6 ± 16.1, p < 0.05). These effects were not different across the range of consumptions levels and between the type of sugars consumed.
Discussion
The results of this study confirmed our hypothesis that fructose containing sugars when consumed over a ten week period at dosage ranges between the 25 th and 95 th percentile population consumption level for fructose did not result in increased risk factors for diabetes.
These findings are consistent with the findings of Cozma et al. who performed a systematic review and metaanalysis of an 18 trials of isocaloric exchange of fructose for other sources of carbohydrate and found that fructose consumption did not significantly affect fasting glucose or insulin and led to a reduction in hemoglobin A1C [27] .
Our findings are at variance with results reported by Stanhope et al. [22] and a second study by Le et al. [7] which reported increases in insulin resistance utilizing different conditions than were employed in the current study. In the Stanhope et al. study, the effects of 25% of calories from fructose were compared to 25% of calories from glucose. In the group which consumed 25% of calories from fructose, increases in hepatic fat content, 
hepatic insulin resistance and total body insulin resistance were reported. It should be pointed out however, that the experimental conditions employed in this study involved very large doses of pure fructose and glucose. Moreover, neither pure fructose nor pure glucose are consumed to any appreciable degree in the human diet. In the Le et al. study [7] a hypercaloric, very high fructose diet (3.5 grams/kg fat-free mass (FFM) per day plus 35% increase in energy intake) was utilized for 7 days in offspring of individuals of family history of Type 2 diabetes. These dosages are 4 to 5 times the 90 th percentile population consumption in the United States of fructose from all sources [34] . These investigators concluded that individuals with a predisposition to diabetes might be more prone to insulin resistance when challenged by very high fructose intakes. As pointed out by White, however, great caution must be used when drawing conclusions based on studies employing such high dosages of fructose, particularly when given in isolation.
Our findings are also consistent with the recent report from the InterAct European Consortium which showed that various digestible carbohydrates including sucrose were not associated with increased risk of Type 2 diabetes in a large prospective, cohort study involving 12,403 individuals with incident Type 2 diabetes compared to a random subcohort of 16,835 individuals [10] . This Inter Act study also showed that neither glycemic index nor glycemic load were associated with increased risk of Type 2 diabetes.
A number of epidemiologic studies have reported intake of sugar sweetened beverages with increased risk of Type 2 diabetes. de Koning et al. demonstrated that participants in the top quartile of sugar-sweetened beverage intake had a 20% higher relative risk of diabetes than those in the bottom quartile after adjusting for potential confounding factors [8] . Schulze et al. conducted a prospective cohort analysis on the Nurses' Health Study II and demonstrated that higher consumption of sugar sweetened beverages was associated with weight gain and an increased risk of development of Type 2 diabetes in women [6] . These investigators speculated that these increases in risk might come from providing excessive calories in large amounts of rapidly absorbable sugars. Malik et al. performed a meta-analysis on sugar sweetened beverages and weight and concluded that sugar sweetened beverages were associated with weight gain in multiple epidemiologic studies [41] . Montonen et al. studied a cohort of 4304 men and women aged 40 -60 years old who were free of diabetes at baseline and demonstrated that higher fructose and glucose sweetened beverages increased Type 2 diabetes risk [5] Schulze et al. formed a nested case control study of 656 cases of Type 2 diabetes and 694 controls among the Nurses' Health Study and two prospective cohort studies consisting of 35,340 women in the Nurses' Health Study and 89,311 women in the Nurses' Health Study II and found that a dietary pattern which included sugar sweetened soft drinks, refined grains, diet soft drinks and processed meat, and low in wine, coffee, cruciferous vegetables and yellow vegetables was associated with increased risk of diabetes [6] .
It should also be pointed out that other epidemiologic studies have shown an association between consumption of red meat [42] as well as potato products [43] and an increased risk of Type 2 diabetes. Thus, whether or not the sugar sweetened beverages per se or even the sugars contained in these beverages are associated with the increased risk of diabetes or are indicative of an overall nutritional pattern which increased the risk of Type 2 diabetes remains to be resolved.
Two recent ecologic studies by Basu et al. [14] and Goran et al. [15] have linked a rise in fructose availability (both from HFCS and sucrose) with an increased risk of diabetes. It should be pointed out, however, that ecological studies are considered a low level of evidence and are limited in their ability to establish an association with certainty due to the potential for residual confounding. In addition, estimates provided are hindered due to the pooling of heterogeneous measurements of exposure and disease incidence.
Furthermore, not all ecological data have shown a positive trend between sugar intake and diabetes rate. For example, in the United States between 1980-2003, while the consumption of total nutritive sweeteners increased, their consumption declined substantially in Australia and the United Kingdom. In Australia, despite a 10% decrease in the contribution of sugar from SSBs, the prevalence of obesity and diabetes among adults and children increased in line with other Western populations [44] . This has been called the "Australian Paradox" and raises the question of the value of public health interventions based on reducing the consumption of sugar and SSBs as a strategy to reverse the trend of increase in obesity. Interestingly, a similar paradox has also been seen in the United States over the last decade where the prevalence of obesity and diabetes have continued to rise despite reduction in the intake of total added sugars [45] [46] .
These findings underscore the important limitations of drawing conclusions about fructose and fructose containing sugars from ecological studies. For example, it may be difficult to separate whether the association seen with fructose is created by excess energy, the colinearity of fructose intake with other dietary or lifestyle factors associated with obesity and diabetes or to potential direct effects of fructose. The findings of the Australian Paradox support the concept that once total energy is accounted for, per capita changes in sweetener availability do not explain the increased incidence of obesity and diabetes. Thus, the inability to account for multiple confounders opens all ecological analyses to the "ecological fallacy" and underscores the need to apply higher level evidence in any potential relationship between added sugars, obesity or diabetes before drawing any conclusions.
Animal models have also been frequently cited for providing evidence of a plausible biologic mechanism for the relationship between fructose containing sugars and obesity, diabetes, and other cardiometabolic diseases. Numerous metabolic differences between animal and human physiology, however, significantly limit the ability to extrapolate these findings to humans. While it has been established that feeding fructose at large doses in animals can create components of the metabolic syndrome including insulin resistance, hypertension, obesity, and dyslipidemia [16] - [21] , metabolic differences between animals and humans are particularly relevant in this area. For example, in rodents as much as 60% -70% of total fatty acids may be synthesized through the pathway of de novo lipogenesis (DNL) [20] [21] . However, in human studies this is quantitatively insignificant where de novo lipogenesis contributes less than 5% of total triglycerides [47] - [49] . In addition, recent reviews of isotope tracer studies in humans have demonstrated that DNL from fructose contributes less than 1% of total triglyceride synthesis [47] [50] . Conversion to glucose (between 40% -45%) lactate (between 25% -30%) and glycogen (15% -20%) are much more prominent pathways in the metabolism of fructose. Moreover, as White has pointed out in animal studies, fructose is often administered in extremely high doses (≥60% of calories which is 5 -6 times the median population intake of fructose in human beings) [40] .
Strengths of the current study include the fact that it was a blinded, randomized, prospective, controlled trial with a large sample size exploring normal population consumption levels of fructose and utilizing the sugars that are typically consumed in the human diet. Weaknesses include that subjects were only followed for 10 weeks and subjects over the age of 60, children and adolescents, were excluded. Adolescents represent the single highest fructose consuming group in the United States [34] .
It should also be noted that HFCS, sucrose, glucose and fructose could not be measured directly in the diets so the actual levels of intake of these sugars remain unknown which should be taken into consideration when interpreting these data. Finally, it should be noted that sugars in this study were delivered in 1% low fat milk which may represent an additional confounder.
Conclusions
In conclusion, the findings from this randomized controlled trial suggest that fructose containing sugars at normal levels of human consumption do not increase risk factors for diabetes. This study contributes to the growing literature that at normal human consumption levels of fructose in eucaloric diets risk factors for diabetes are not increased.
Furthermore, there were no differences for risk factors for diabetes when comparing 8% of calories from added sugars, a level consistent with the upper limit recommended by the AHA, WHO and draft report of SACN with 18% of calories (average consumption in the United States) and with 30%, which was comparable to the upper limit recommended by the DGA 2010 and IOM. Our findings suggest that the issue of the appropriate upper limit for added sugar consumption with regard to diabetes is far from being settled.
We wish to emphasize that we are not recommending that individuals consume 25% or 30% of calories from added sugars. From a diabetes risk factor perspective, however, we did not detect any differences between this level of added sugar consumption and the more restrictive guidance from AHA, WHO, and SACN with regard to risk factors for diabetes. In addition, this study contributes to the expanding literature that there are no differences between HFCS and sucrose when consumed within the normal range of human intake.
